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FekperiLi,entally deteimihed single-shot damage thr ;hold of this material. 'ihe

most convenient mode of data display was found to be a motion picture showing

the propagation of the pulse, represented as a colored contour map of the local

photon flux, through tile focal region. Similar displays of the spatio-temporal

development of the free carrier concentration have been made. The material-

laser photon interactions in these calculations were based on the two main

laser damage mechanisms: avalanche ionization and multiphoton-polaron absorption

The most significant result of these investigations is that, according to both

models, beam deformation prevents the build-up of a sufficient photon flux in

the interaction area to cause damage at this pulse energy. This means that

either both damage mechanisms do not explain the best experimentally available

data or these data are extrinsic rather than intrinsic features of the materiai. "

Spherical aberration of the focusing lens as a possible cause for the lase -- " '

damage morphology observed at threshold in NaCl has been discussed as well.

I Independently, the response of single-crystalline germanium exposed to intense

pulses of 0.45 eV photons was theoretically studied. Quantitative calculations

of the relevant multi-photon cross section for free carrier generation and of

the dielectric response function have been performed. These results have been

coupled with a model, taken from the literature, which describes the resulting

changes in the energy distribution of the electrons, holes and both acoustical

and optical phonons. These studies represent the first detailed theoretical

calculation of the laser damage threshold of germanium at this photon energy.
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INTERACTIONS OF INTENSE INFRARED LASER BEAMS

WITH TRANSPARENT SOLIDS

by

P. Braunlich, G. Bryant, A. Schmid and P. Kelly

Abstract

In order to investigate beam deformation and depletion at very high

photon fluxes, a computational procedure has been developed that is suitable

to simulate the propagation of intense beams through transparent solids.

It was applied to NaCl exposed-to a FWHM 21 psec pulse from a frequency-

doubled Nd-YAG laser (X = 0.532 jim). The energy content of this TEM o-

mode pulse is equal to the experimentally determined single-shot damage

threshold of this material. The most convenient mode of data display was

found to be a motion picture showing the propagation of the pulse, represented

as a colored contour map of the local photon flux, through the focal region.

Similar displays of the spatio-temporal development of the free carrier con-

centration have been made. The material-laser photon interactions in these

calculations were based on the two main laser damage mechanisms: avalanche

ionization and multiphoton-polaron absorption. The most significant result

of these investigations is that, according to both models, beam deformation

prevents the build-up of a sufficient photon flux in the interaction area

to cause damage at this pulse energy. This means that either both damage

mechanisms do not explain the best experimentally available data or these

data are extrinsic rather than intrinsic features of the material.

Spherical aberration of the focusing lens as a possible cause for the

laser damage morphology observed at threshold in NaCI has been discussed

as well. Independently, the response ot single-crystalline germanium



exposed to intense pulses of 0.45 eV photons was theoretically studied.

Quantitative calculations of the relevant multi-photon cross section for

free carrier generation and of the dielectric response function have been

performed. These results have been coupled with a model, taken from the

literature, which describes the resulting changes in the energy distribution

of the electrons, holes and both acoustical and optical phonons. These

studies represent the first detailed theoretical calculation of the laser

damage threshold of germanium at this photon energy.
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I. INTRODUCTION

Exposure of transparent materials to intense laser beams induces

changes of their optical properties (conveniently expressed in terms of the

dielectric function C(M)). This in turn influences the photon trajectories

of any beam whose intensity profile is not uniform. The mutual interaction

of the photon field and the solid is very complex. The majority of attempts

to calculate the spatlo-temporal field distribution in a transparent solid

having a field-dependent dielectric function are essentially based on solutions of

Maxwell's equations. W In these calculations it is commonly assumed that

the linear refractive index simply increases by n 2 E2 in the presence of an

optical field of rms field strength E. Values for the so-called

nonlinear refractive index n2 are taken from measurements (e.g. Smith 
( 2 )

or independent calculations. The most pronounced effect produced

by the term n2E2 is self-focusing of laser beams having, e.g., a Gaussian

intensity profile (TD!0 mode). A characteristic feature of these field

theories of beam deformation is a singularity of the field strength in the

focal waist. As a result, the distribution of the rms optical field strength

cannot be determined in the space behind the focal plane. Attempts to do

so invariably violate the law of conservation of energy.(3

Little if any work has been done on beam deformation due to the

reduction of the refractive index caused by the production of photo carriers

in the intense photon zield. ( '
5) Mulciphoton absorption (4, 5 ,' or electron

• . _.(2)
impact ionization of lattice constituents are mechanisms for the _enera-

tion of free carriers. Experimental(7) as well as theoretical (8 ) evidence

exists for free carrier concentrations to reach up to 10 c13 at photon

fluxes corresponding to the dielectric breakdown threshold of the solid.

It Is likeLy that this neiti:e ccntribu-ion to tre r.e2rac2ive,:
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n2 117 -3to dominate already at concentrations around 10 cm or less in

alkali halides exposed to short laser pulses of optical frequencies. (4)

This clearly indicates that beam deformation (self-defocusing) via a

reduction of the refractive index is quite possibly occurring at power

densities well below the laser damage threshold. A better understanding

of this phenomenon is clearly called for in view of the fact that, during

the operation of high power lasers, power densities approaching and--all

too frequently--exceeding the damage theshold of exposed optical materials

must routinely be handled. In addition to these largely economical

reasons, unknown self-focusing and defocusing effects prevent, for example,

the exact measurement of the damage threshold of a transparent solid that

in subjected to a short laser pulse. Such experiments are commonly

executed by tightly focusing the laser beam into the bulk of the sample.

Since it is impossible to directly measure t ,! photon flux in the focal

region, it is calculated on the basis of diffraction-limited optics, corrected

in first order for self-focusing only.(2) Photon-induced beam deforma-

tion caused, e.g., by negative contributions to the refractive index, has

so far never been considered in any detail in the context of laser damage.(
9 )

An exception is an interesting piece of information on the irportance of

beam deformation that was provided by Danileiko, Manenkov and Sidorin (1 0 )

who tried to damage C at A = 2.76 Wm and A = 2.94 !r with riser pulsLs.

These workers did not succeed because o, as they speculate, free-carrier

induced beam self-defocusing. No specifics were given.

A further aspect of beam deformation are spherical aberrations caused

by the focusing optics used in typical laser damage experiments. The peculiar

damage morphology observed at damage threshold ) was suspected to e in



3

part due to this effect. Preliminary calculations by Danileiko et al.(2)

indicated that strong spatial intensity oscillations can occur if lenses

with residual spherical aberration are employed. We have performed a

detailed study of these effects (see Chapter IV) and concluded that the

spacing between the obtained intensity peaks does not correspond to the

observed spacing between damage sites in the focal volume along the laser

beam axis. Yet, a considerable reduction in the peak photon flux may occur

in lenses with slight aberration and, thus, influence interpretation of the

damage experiments. It was the goal of the work performed under this con-

tract to contribute toward our knowledge of the interaction of intense

laser beams with nominally transparent optical materials. The approach

chosen to achieve this is outlined in the following section.
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II. RESEARCH OBJECTIVES AND APPROACH

The purpose of the work carried out under this contract was to

theoretically study several aspects of the interactions of very intense

laser pulses with solids. Emphasis was to be placed on infrared photons

and infrared optical materials.

In particular, we have investigated the changes of the dielectric

response function due to these interactions and the resulting deformation

and attenuation of the laser beam. Aberration effects induced by spherical

focusing lenses have been discussed as well.

These goals required to not only consider the temporal (dynamic)

characteristics of the photon-solid interactions but also to include their

spatial variations. Spherical aberration was studied within the paraxial

approximation of the wave equation, excluding any non-linear interaction

effects such as self-focusing, in an attempt to interpret the peculiar

damage morphology observed in the focal volume of the laser beam at threshold

peak flux. The nonlinear aspects of the photon-induced changes of the

dielectric function required the adoption and development of a special com-

puter code "PULSE". It became operational in the first contract period

(Aug. 1, 1978 - July 31, 1979) and was first tested and refined by simu-

lating the classic experiments by Smith et al. who focused a 21 psec

FWHM pulse at 0.532 pm into NaCI and determined the damage threshold. A

motion picture of this damaging pulse, traversing the focal region of a

2.54 cm focal length lens inside NaCl, was deposited at AFOSR. Since then

we have included beam depletion in the code and refined the attainable

spatial resolution. We applied it to a comparison of beam deformation as

obtained under the above mentioned conditions within the avalanche ioni-

zation mechanism ( 2 ) and the muit iphoton-potaron ahsoption model i t I.IsOr

damage. The results are discussed in Chapter III.



The developed computer code is based on a particle-in all method

originally used by DUdder and Henderson. (1 3 ) It is designed to simulate

the complete spatio-temporal behavior of a short, intense pulse that is

focused into an optical material, independent of the physical mechnisms

responsible for the photon-induced charges in the refractive index and the

temperature of the exposed solid. Thus, the code is sufficiently flexible

to accommodate any flux, wavelength, material and temperature dependence

of the dielectric function, any possible mechanism of electronic excitation

of the solid (such as multi-photon photo-carrier generation, avalanche

ionization and the like) as well as various conceivable mechanisms for

converting energy of the photon field to excited electron and phonon dis-

tributions and ultimately, to an increase in the lattice temperature. A

description of "PULSE" is given in Attachment A. The procedure used to

incorporate beam depletion is discussed in Chapter III.

As stated above the calculations of beam deformation at the wave-

length in the visible were performed mainly to test the computer code and

to demonstrate the feasibility of the chosen computational approach. Diffi-

culties associated with singularities in the focal waist or with energy con-

servation, characteristic for the theories based on solving field equations,

clearly do not occur in our case. We have, for the first time, simulated

the rather dramatic break-up of the laser beam expected under the chosen

high-power conditions (the energy content of the pulse simulated corresponds

to the so-called single-shot damage threshold which has been shown to be

well-defined in NaCI (1)).

In order to apply the developed computational method to materials

and lasers of interest for use in t'ie infrared region of the electromagnetic

spectrum, it was necessary to establish the mechanism of photon-induced

material modifications for this case. Quantitative in~formaLion on cro,-_
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sections for free carrier generation, photon absorption by free carriers

and, most importantly, for the calculation of beam deformation, on the

photon-induced changes of the dielectric response function is required.

We have approached this problem by initially selecting single-crystalline

germanium as a typical infrared optical material that is exposed to an

intense beam of 0.45 eV photons. Calculations of the involved multiphoton

(2)
absorption cross section a (two-photon absorption), as well as of the

dielectric function have been performed for this case. They are discussed

in Chapters V and VI of this report.
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LEFORMATION OF :NTESE LASER SrAl"S !Gr'Lf ~Ct : S: .atCI
ACOMPARISON OF THE MULTIPH6TON POL'R~ NAi. AALANC E ln_~LS OF *OP.IC,?L BPE .z,:.W

P. Kelly and D. Ritcnie
t~ationai Research C sjncil
Ottawa, Canada KAAGS1

and

P. Braunlich, A. Schmid, and G. W. 6ryant
Department of Physics

Washington State Universit/
Pullman, Washington u9164

Computer simulations of the interaction of intense picosecond laser pulses (532 no)
with NaCI in tine focal volume o' a 2.54 cm focal length acterration-free lens indicate tnat
severe beam deformation may take place at Photon fluxes corresoonding to tine single-sonct
amage threshold measured inoer these experimnental conditions. This deformation is toe
result of a change in the dielectric fu~nction .anicn, in turn, is caused oy free carriers
generated via inuitipnoton-assisteda valanchne ionization and/or iiultlonoton aosorotttn.
Strong self-defocusing prevents local onoton 'luxes from reacnin- values reauired t:) raise
the lattice temperature sufficiently for damace to occur. de conclude teiat eitner oc toe
avalancne ionization as well as the riultipnoton-polaron apsorption 'necnianistms of laser -tre,'.-
dow are invalid in tneir present form or that the experimentally determined damaqe tnreun-
oldtS do not pertain to the intrinsic properties of NsaCl.

Cozy words: Avalanche breakdown; Beam deformation; Beam depletion; Free carrier aosorntion;
Ttichoton ibsorptlon; Polaron absorption.

1. Introduction

A build-up of very large free carrier concentrations (10 i- 100 crim ) during toe interaction of
intense laser pulses with wide-gap optical materials is tnought to be a prerequisite for daae

occurrence according to all models of laser breakdown proposed so far [1.2]. IRecent reviews of tnis
subject were given by Smith [31 and Brawer (4]. two basic modes of carrier generation are invoxed:
avalancnp ionization of valence electrons after multipnotdn generation of so-called starting elec-
trons [5.63 and multiphoton ionization [1,71.

The changes of the dielectric function

zw El+ ic 11 0

and the ensuing deformation of Saussian beams, associated with high carrier densities. nave been ais-
cussed by Yablonovitcn and Bloeniberqen [5] baseo on a simple 2rutde moidel of czouctivity and -ree
carrier absorption, and by Schmid at al. [2] wno retain tne Drudle conouctivity teri Tor .airc:

replace tne phenomenological free carrier absorption contribution to b y free-eiectron--acoustic-

pinonon fiteraction. >etailed calculations of the spatio-te'poral flux distriotton in toie t cal
volime of an aberration-free lens in NaCl. on the basis of toe latter mecoiani urn 3nc on tne ~ ~oo
ionization-polaron absorption -ooei of laser dama~le nave seen presentua oy -elly et a:.. -e.e
beam self-defocuising and even seam oreak-up oas srown to tUce place te to t'ie Tve-coa'te, lr. ced
reduction in the refractive index. Beam epletion, assumed to oe urnu , as neaiecte.. These cauc.-
lations ere perform-ea in an atte-tot to explain the d~umace noronoiogy oserved nv 'n 311Jl

coworkers [9] as a possible consequence of the comoined effects of sef-oculsl-3 13a 1-- ard ;el'-

defocusiig. -ere n., is tne nonlinear refractive index and E the rric *iela streontns t toe oct %a i
pnoton field.

-he cnaracteristic diamace vestioies of about I -ri tiumeter and 11 - sisacin,: aicnc te Dt~a, avis.
observed at Jamane tiiresnold and -jes -rirjei in referencv Al, coulid not o)e s;-i'.i vi
:alciat~ons. quite nossibl~ ~ to isf 33vr otisi resolution. :'1 : e.....
inte-est to note ti-at a r-ecent tiscistion o aserrition e'fvcts )n tre L tr'''

volume sf -,nort focal cotton lenses coi "ct accv..nt 'or tne a-~aip jr:noo,1.v e-"er.-
et alI. 7~ t.el ieve that 1oca I sta t 1,t i var iat*io)n; o toe lens it T vtart~t 7 CvP c" ire -
reison 'or toie i3umace ,ic'-osites. ?ivy tiscount ane e'recto c" free car-~er, ti n, ,.
tion and t~onsioer onl/ Avofcs". . calc 7ativn ox tnese aat'iors ot tne tai *-e'r i-
tribution, i.e. toe crystal volumie inside in eii; psoiuai isotmnpratir' sir-ace

is toe -eltino ooint of %a~l) and its apparent coinctoence with asveev ta-sei -.'ion ini 'ne
volume ol the laser beam, is taKen as one or 'everil ;,orrant cl,es Tor toe ii "e'I ~ iq~
model of laser breakoown [L3]. %evertrieless, in lint o- earlier 1ixcussions of ne ' i'0'oti

ass~sted avalanche lodel wnich ind:icated that tnie fr-e carrier density may reachi 12' : 1 - r'-tico
second 3ulses at damatie tfresnal-I_1J aj detaile1 .o -pucacion of seiT-oefocusini SaseI on tuie ava-
lanche nmodel was cleav ly jesiractie.

We nave apolied the comp.uter -ut rUJL'E," Jevelooed by 'p1 Pt al' . L . i o" n
also recalculated the rnultipnotoni-odlvon baw ecau,.e recent 1I lprheu'm!ents tn tie n.~ ov .3c/Jlit
luily for bean depletion. Imus, direct omoArison )f u)otn Iarace n~ecnarlins is oouviule.'-

!;rsin 'racket.. flut,.je I? t',~'''-,9 t "i~ - p .



obtained results are remarkable: neither of the two basic 'yodels of laser-ino.,cec oreviK-don pre'Irc:
damage at the experimentally determined threshsoldj because or very pronounceo sel'-,;efocusing.

2. Yodels of Optical SreaKaown

The details of the avalancnie ioni.,ation model (3,4,6,91 anu the multiprioton-ooa~lron iosor~tion

noel [ '2.7] of laser breakdown are aV]Ildo~e frcm, the literature. Three aso.ec-s or the :mnoton r-ter-
action with optical 7aterials are consicered in ciiese !ioiel calculations. -hey concern the '~ecnan-
isms of carrier generation and tner.- effects on tne dielectric tunction ano on lattice fleecing.

i) Carrier generation

In aCl, exposed to 532 nm photons. the density.' n , of free carriers in the conduction band
cnanges according toC

in the avalanche model. The second term in eduation 121 supplies the initial electrons. However,
avalanche ionization quickly provides the majority or carriers [9]. Its rate is given by

log .~=3.58 log E - 8.62 .3)

Here E is the rms electric field strength in units of MV cm' and -. is the avalancne ionization rate

in sec 1. Only multiphoton carrier generation is retained in the mnultipnoton-polaron model. All
symbols and parameters used above and from nere on are explained in table 1.

ii) Lattice heating

In the avalanche model, lattice heating is obtained from the Drude-type condluctijity. The
energy absorbed per unit time and volume is

c 0 c e2r 2 2 2 ~

The detailed mechanism by which electrons gain energy from the photon field is often referred to as
inverse Breisstrahlung.

According to Pokatilov and Fomin [1l,?, 'dressed" electron (or polaron)-phonon scattering with
instantaneous relaxation of the excited carriers t.ack to tne lower edge of the conduction band is
taken as the mechanism by wnich energy is gained by the lattice in "he multipnioton-polaron mocei 2~.
It has a cross section :pand yields

c 0 pT a piu .w (51

Beam depletion is accounted for by subtracting the appropriate number of photons in all processes

involving the absorption of photoins. Whnile this is straightforward for processes inxolvincl :'i 3 un
ithe absorbed number of pnotons per unit volume of cry' al materials in the avalarcne ionizac zn

process is calculated from the energy gained by the lattice according to equation !4, tZgetner .witn
the energy required to produce an increase in nc during a small time interval nin. cnosen or z~ri-

putational convenience and the desired numerical accuracy, was zt=3.03489 psec.

iii) The dielectric function

Having independently accounted for absorption as described above, only changes in the
refractive index. n. need be considered:

n /3 n,E .5

-he r-eal and "aqinary parts o' thne dielectric function (eq. I1 are taken rori tnie :r-oe iodel or ,-rin
more accurate calculations )f the Polaron conductivity in the presence ot coi 1isions hitsn aco~5t,

phonohns [2., 7he sel f-ocusirig ter-i n.- is added mnenomenoloqically. -or lt.. ;t -oe oreciie

nfpration, ae nave simoi~ v nosen the ruae e~oressions for a Il aiculaticns based an tne ava ldncne
myodel:

S 
2
f, - -e 2

2n in' I*2,
I- d

and

*l 
4

-e~nc /'n (

The value for the collision tiine is -.till subect to much lebate 4:. oe used thei loSt recent ine

available. stated by hawer £4; to be * -- .''soc. because 't is also alVtit in re

choice 7 v,. ale in earliyr calcuiatijns or mUiinhon -.olirnin lana':e ;. Pi'rls

sion by Vjurevicni ot il . is again taken for :,.t is tated ii 'elerence



.1. 3eam -eto'-nation

Beami deformiation is a consequen~ce of t~e nonunitorm oean cro''ile eP.. 1 .yadti,all and Pnotoii-
iniduceid local cnances of the netrac-,7ve :"'eo. 7rv cciiuter ':.)fe .. a5 .vc.j -jiuae
tne comolete scatio- te-ooral oenavior of .-- t . it 2.O 'i.." stclolr..
des igned to be upol icuoie "or any co nceluibie ini.' i i -ser ::a!d :r,) i! ic t-Oe- cuoevvF!
into the naterial, -aterial diStnio..tion .e. ) r loa~evo, -aterials .iln re"'IC' ye "-
interfaces, clad ootical fibers ad Catir.tS lii 'ks.Otrl' 21 'I n tl -olar expn'i-eta; urrin 'e-ent
simulated in "ne Present work is Scrip ati.3i) snijwn ini 'ujre 1.. rqvpreSeiitS ! :'t. , ~nI onl
employed Dy Smith et al. ~A1JIn -ieii- s"OleS Ot the ianiaae tnrenolds in alkali nali es at

532 nml. The FWHM pulse length is I1 Psec.

In the model of the pulse, tne energy is carried by 104 macroscopic "photons" of 101 Protons

each wnose trajectories are followed tnroucn the 'ea~inm LISJ 4 3aussian, clipoped at the e' dl~eo
of the peak flux profile in radial direction and in t; .e, i. attri ,ed to tcne p-Ise and :totn, tue
pulse and the medium, are considered rQtationally syim-etric. iiese :inotoiis 'are i'n'ecteo -tc the
solid with an aPropriate group velocity to '':uiic refraction on !ne soli, interface ad 'oc..sinc ny
tne external f 2 .5. cr lens. :n tne aosence oc nonli'ear pnozon-Iaterial interictlcn. *e ,oca
spot is located U., ci teisind the interface air-;;ad. 4oprooniate ezoutios at -otor Snelli ; a. of
refraction and ctan-,es in <iroup velocityl J a eecn 'onoton ' are Solve,. to -ino the -ndnqe's in iirec-
tion. group velocity and total prioton content correction or aosoroition,. Sinsltaneoslv. tIe
material rate equations 2-Si are solved to Jeter-iine !roes n and temperature 7. This :5 uc'.:evea oy
treating all eduations as finite litferences equations Vlitn a time Step _t. For this orot re
interaction joluyme is divided into cells forming the cria scneinaticaflv depicted in ~';E -re
cell size .jseod in the oresent casiculxtson !s *r =0'.9 -n in radial iriection and n~ in t e
direction of beam Propagation along tie axis. -he timie step chosen is -'t g0.034 19 Psec. 4 cotal oI30 cells in radial and :O0 in n-direction form the grid. Further details of "PULSE' are given in
reference 13.

Selected flux distributions obtained from both models are presented in figure 3. They Show tne

passage of a 21 osec Pulse tnrougn the focal region in 'aCI in successive time steps 01 210 _tSee
indication on the right side of eacn picture). Tihe oeak inns field strength of this Pulse ist 1 2.7 MV/cm w hich corresponds to tne mneasured damage thresnold '9i2:. -ne numibers )n tne left sioe

an o hevavsiniat dmnsos n -m he 'exoected" locat'on cf tne focal spot is at
(F,r) - Z000 _mn, 0. -he direction of the beam is from left to rion.. -he color :ode 'or tne local
photon fluxes is liven in table 2. Severe beam deformation. particularly past tse p ane tnrougn
perpendicular to Vie beam axis, is obvious for botn models. iet. tne details are Iistinctl .s, i'eren.
This feature is interesting oecause it points to possioiliities of discriminating oetween tne toO
models of laser damage. For example, the time-integrated spatial fljn distribut-,on in a plane past,
the focal voiume could be measured and comioared with Calcu.lations.

The spatial distribution of the carrier density nc at t - 1200, .t - 41.9 psec after arrival of

the pulse at l '.r) -1500 in1, 3) is shown in figures 4 and 5 and the color code is ilsen in t.atle .
Clearly, the spatial gradient of the ref<rattive index associated with sic'i a iistrloution is resoon-
sible for the observed Deam-scatterinq away from the center of the focal volumie.

The spatio-terworal evolution of tne lattice temperature w as mocn~tored as eil. -e-arxaolv.
it did not increase ",ore than 4K above the initial temperature of 70. t * ann 30in! r t:'o~
volume for either one of tne two -odeis. 7hus, lanade relievec to De t-ie re s.,,t :, '-in.: et
pile-up. approaching the melting point 7. -107.4 -.. is Prevented in teos.se ae :

breakdown was observed in the experiment by Smith et al . [4,12,. *nis -ay anly :;e a.~s u
follows:

i) Neither one of the two models of laser damage does account nte-ay'h t-i ut1
lated nere, and quite possibly, for tll other classic e'i eriients in i'.. "aJe r u.- _vv'
used as the basis for the establishment -iainl-v o' the avalanche modelr

ii) not the intrinsic damage properties of nle -:aterial nave oeen s)Lsvr,' t"'.
performed oy Smi th et a I. 3. 1Z] out c o-e extri ns ic -a tune cause, tune -a te~i 7 0
intense photon field of the laser puise.

Two avenues of further -esearts nave to ZPm oursoed to resolve tn's t5,smo. '

terms the improvements of tne present models. or E!,o'pie. cr'<'>cvemt it
shown to drasticall I irluence ire ~Inptics of ire rnoce,,es -:ccy'r' s.'"' e
.n particular, the-snsities o fie .:rnie's ~or 'orSi tinhi. tw .i::
order of nagnit~ue s-lertan tiiose jotu ined oven tne cunotocie' volI -I ic '. i *,

defects, are disreluarded as as tue soj,e - -e )rpenp't i've-
t
i :a

t 
on. -i .. '..

tioni of improved wide 30p aeeriais )I- 'the "omne hnew i'oer-"ert, ;n an it-ty' ""
mentally observe tr've intrinsic breakdown ,renormena.
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Table 1. List of symbols. Table 2. Color code for the photon flux

nc  free carrier density, concentration of phot. cm- 2sec- I

electrons In the conduction band [cm'3]. (102 Black

nv  .24 x 1022 [cm 3]: concentration of 1027 White
valence electrons

angular frequency of photons 1027.5 Blue

F Photon flux [number of photons per cm
2 

and 1028 Green

sec] 1028.5 Red

532 [,j]: photon wavelength 1029 Yellow

E rms optical field strength [MV/cm] 1029.5 Magenta

: avalanche ionization rate [sec
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1030 Cyan
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8 

sec*
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four-photon
absorption cross section

1 17 2 Table 3. Color code or carrier :enst i
[. x 10 polaron absorption .percent of valence eiectr-n

cross section ensity].

C .75 m e: mass of free carriers .10
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.lack

= 2.165 [q cm3 1: mass density 10
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,hite

co 2.3 [cal gI K-]: specific neat I0-
4
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Blue

temperature LK] IC- Green

e electron chargle 10
- 3

.5 
0

S(!/7.B)O13
3

ec: electron phonon collision 3o .eHow
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5 
MTaqents
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Figure 3. Photon flux distributions at various times (in multiDles of .t
as indicated at the riaht of each frame) in the focal volume. The oictures
in the left column were obtained from the avalanche model , those in the rirht
column from the multiphoton-polaron model. The color code is given in table 2.
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Figure 4. The spatial distribution of the Figure 5. The soatial distrIbution of
free carrier concentration reached at d.19 the free carrier concentratIon reached
psec = 1200 x At by avalanche ionization. at 41.9 psec by rultiohoton ioniZati:cn.
The color code is given in table 3. The color code is given in tatle 3.
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IV. The contribution of spherical aberrations to the

vestige structure induced by laser damage

Garnett W. Bryant and Ansgar Schmid

Department of Physics, Washington State University

Pullman, Washington 99164

Abstract

The contribution made to the propagation of a Gaussian pulse by the

spherical aberrations introduced by the lens used to focus the beam into the

test sample is considered as a possible explanation of the multi-vestige

structure observed in laser-induced damage of transparent materials. The

paraxial approximation for the wave equation is used to determine the inten-

sity of the pulse on the beam axis when the aberrations are presenz. The

inclusion of spherical aberrations modifies the form expacted for a diffrac-

tion limited Gaussian beam, shifting the main peak in intensity away from the

focus and suppressing it. More importantly, oscillations are intrcduced in

the intensity prior to the focus. Although the spatial arrangement of Lhe

peaks in the intensity appears corsistent with some of the experimental

results for the vestige structure, the spacing between peaks does not correS-

pond to the observed spacing between damage sites. These finding;s and QL:,el

possible explanations of the vestige 3tructure are considered critically.

a

PACS numbers: 42.30.Fk, 42.60.K2, 61.80-x, 79.20.Ds



I. Introduction

One of the intriguing aspects of recent laser-induced damage studies

on wide gap transparent materials is the observation of distinct damage

vestiges along the beam axis in addition to the primary damage at the focal

spot. Such vestiges have been seen by Danileiko at 2.76 i, by Smith at

2 3 4
1.06p2 and 0.532 and by Anthes and Bass also at 0.532p. However the

observed damage morphology is not the same for all experiments. Using

pulses well above the critical power for self-focusing, Danileiko found

vestiges separated by roughly 5011 and approximately 10p in length. This

contrasts with Smith's observations, using pulses below the critical power,

of li vestiges separated by i0. Furthermore, Smith found that the damage

sites were statistically spaced around the focal point. In contrast to this

Anthes found that all the vestiges occurred prior to the focus.

The avalanche ionization model of breakdown has been used 2 ,3 to

explain the statistical occurrence of these damage sites. Such an explanation

should contradict the findings of Anthes that all the vestiges occurred prior

to the focus. However Anthes also used a pulse well above the critical power.

As a result, his results would be consistent with Smith's interpretation pro-

vided the strong self-focusing present in his experiment selectively enhanced

the intensity prior to the focus and suppressed the formation of vestige sites

past the focus.

In contrast, Danileiko has recently suggested that spherical aberrations

of the Gaussian pulse induced by the lens used to tightly focus the beam into

the test materia1 could significantly modify the intensity of the pulse near

the focal point, actually shifting the focal point and adding a strong oscil-

latory modulation to the intensity expected for a diffraction limited, focused

Gaussian beam. These strong oscillations in the intensity along the axis
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result in regions of enhanced intensity that could cause the vestiges. Pre-

viously, such an explanation was used5 to successfully explain the appearance

and characteristics of damage vestiges in breakdown studies of gases.

Danileiko did not give any details of his calculations of the effects

of spherical aberrations. Moreover, he restricted his attention to pulses at

2.76p and 1O.6p. We have performed detailed calculations to extend his

results to other wavelengths of interest. In addition we have investigated

the effects that variations of the focal length of the focusing lens, the

index of refraction of the damaged material, and the position of the lens

relative to the sample surface might have on the contributions of the aber-

rations. We are compelled to consider such variations to compare our results

with experimental findings obtained for a variety of situations.

In Section II we describe the calculation of the effect of spherical

aberrations on the propagation of a Gaussian pulse. In Section III the

results are presented and an approximate expression is derived which predicts

the spatial distribution of the regions of enhanced intensity. Finally, in

SectionIV we relate our results to the observed damage morphology and recon-

sider the other explanations given for the vestiges.

II. Theory

We use the paraxial approximation to obtain a tractable wave equation

for the field E(,t) which includes diffraction of the beam. Specifically,

we assume that the field can be written

E(r,t) = e(z, x exp(i(kz - wt)) (1)

E is a slowly varying envelope function, z is the position along the beam

axis and x is the position perpendicular to the axis. In the paraxial

approximation 6 ,7 we solve
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iE 12+  = o , (2)

with k wn/c where n is the local index of refraction. The field can

be evaluated at any position using known values of the field in one plane

(z - Zp) perpendicular to the beam axis; 7 in our case, either at the lens

(zp - zL) or at the sample surface (zp = zS )

€ =,'L 2i(-Z) d x l exp(ik(x' - *±)2/2"E=Z dx xik-Xl x /(Z-Zp))-(ZpX') (3)
27i(z--z) P )'

We consider the typical experimental situation with the lens placed

at zL  in free space and the sample surface situated at zS (zS > Z L). To

obtain a description of the field inside the sample (z > zS) we first use

Eq. (3) to find e(zs,X).

° [ 2, 4. -0. 2C(zsXL) = 2xi(ZsZL dxl exp(ik x - x9 /2(zS - zL))E(ZL.x1) (4)

with k = /c in free space. We assume that E is polarized perpendicular0

to £. This of course is not strictly correct. When the initially plane

polarized Gaussian beam is focused it obtains a small component of polariza-

tion along the beam axis. We ignore this small component. Since E is

polarized in the plane of the sample surface, E is continuous across the

boundary. Consequently, the field inside the material can be found using

Eq. (3) where the known field is at the surface. Thus for z > zS ,

E(z,xL) 2i(Z-zs) J d 2 x , exp(ik(, - .2 /2(z - zs))c(Zs ,XI) (5)

with k - nw/c where n is the index of refraction of the sample. Strictly,

the continuity of E across the surface implies that

E(z s + 0+ , xI) - exp(i(k - k)zs)-(z s - 0+ , x1)



where 0is a positive infinitesimal. The presence of this constant phase

factor has no effect on any of the calculations and is ignored.

Using Eq. (3) to evaluate E(z,x )we obtain

kk22

(2l~~i) 2()~ -Xu 1  X\ \jj /2(z-z5)

x exp(ik0 W~ - x?') /2(z -z ))e(z ,"0 1 J S L L 6

The integral over x' can be performed for z > z Sto yield

F-(,X 27i (-z ) fd x. epxi e /2(z - z L))E:(z L'x (7)

with

U nk (z z L)(8

e n(z S - z L + z -

This expression for e has the same form as Eq. (3) except that k is

replaced by k e for z > z.

Note that k can be rewritten as
e

k k
Z-e Z 0 (9)

L - - L

where

i- z/n- (-n)z I n. (10)

The only effect of the sample is to change the scale for z inside the sample.

The field for z > zS is the same as that at i in free space provided that

z and i are related by Eq. (10) . Solving for z we see that z - ni +

(1 - n)z S' Thus the length scale spreads by a factor n inside the sample.

We are interested in the situation with a focusing lens present. If R 0 is

the focal lenc;th of the lens, then the effective f:, length R 8when the

sample is present is R ;+ z. L= n(R a+ Z') + (1I Thu:3



Rg - R0 + (n-1)(Ro + zL - Zs). The second term is just the shift in the

focus obtained using geometrical optics to describe refraction at the

surface.

The spherical aberrations introduced by the passage of the beam

through the lens are contained in our choice of E(z L  xL ). Following Born

and Wolf8 we use
2 2

X1 X. 4
C(ZLx ±) E exp(- -- ) exp(-iko ( - + Bx

o* oo
0 0

The first factor in Eq. (11) gives the initial Gaussian profile, the second

factor accounts for the distortion of the wave front needed to focus the beam

a distance R from the lens and the last factor describes the sphericalo

aberrations. For B > 0 rays originating off axis are focused more tightly

than those near the axis.

We are interested primarily in the intensity of the field on the beam

axis. In the paraxial approximation the intensity is given by
7

- a ~ 1)2 + 1_ (F*(z,.)x tCzX 4.  - 0 , 4 )~. *zx 4. ) - (12). ^ Ic_ {E (Z' X 1  _ (lZ) E* Z
87T J 21k I4I.4I.

On axis the last term makes no contribution so

l(z) = c 2 U (12a)

where c -c/n is the speed of light in the sample and U = n2  -(z, 2

is the energy density.

Using Eqs. (7) and (11) to evaluate 1(z) we obtain

cnk2E2 ik 2 2
-(z) e o d2X d2  exp[ e 2 x 2 1 +x 2)

327 3 )2 X 1 X 22fxP[ 2(Z-z (X x2) 2a2

L21 0zz)~L2

2 2

o 2 + 5(x - x4))] (13)
0
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Making a change of variables u a xI + x 2  and v x 1 - x 2  two of the inte-

grations can be performed, yielding

cnk2E2  22
1(Z) 2 o uvdudv exp(- (ua+%

3 2 r(z-zL) 4a

uvk e-zL 2 2 (14)
o (Z(z-zL) ( -- Be(Z-ZL)(U2+V2)))L e

where J is a Bessel function, R = R k /k and B = Bk /k . Letting
a e oe o e 0 e

u pcos8 and v = psine, the integral over e can be done, reducing the

expression for I to a single integral

2

2 2 2 PzL (Z-ZL)2
2nk pexp(-p 2/4a2 )sin(4 k_ (i R - (Z-ZL)BP 2))

1(Z) cn e Eo rdp (- L e (15)
) &Tr (z-zL) J (ZzL) 5)2

( R (Z-Z)BeP)
e

This integral, however, can not be done analytically. Consequentiy, careful

numerical evaluations of Eq. (15) to correctly account for the oscillating

factor and the pole were performed to determine l(z).

Equation (15) can be derived more directly when no sample is present

by using the diffractive ray tracing method of Tappert.7 Furthermore, Eq. (15)

5
is analogous to but not equal to the expression used by Evans and Morgan to

study the effect of spherical aberrations on beam propagation in free space.

We solve an approximate wave equation exactly. By using the Huygen-Fresnel-

Kirchhoff theory if diffraction, Evans and Morgan evaluate approximately an

exact integral. Thus it is not clear, a priori, which method gives a better

description of the wave propagation. We have not yet made any attempt to

compare the two methods. We have however tested the paraxial approximation



calculating corrections to l(z) that go beyond the paraxial approximation

by using the field given by Eq. (7). Such corrections change 1(z) by no

more than a percent and are negligible for our purposes.

All of the beam parameters except B are well known. However, although

some of the lenses used in the laser damage experiments are described as well

corrected, no explicit values for B are given. As a result, we have performed

calculations for a range of values for B. To obtain some feel for the magni-

tude of B, note that the ray trajectory for the field leaving the lens is

given by taking the gradient of the phase of the field. Using Eqs. (1) and

2 4(11), we find that the phase is approximately k z - koXI/2R - ko BxI . Thus

the ray direction is ko - k (x /R + 4Bx ) . The spread A along the
0 0 1 o0 .4

beam axis between rays originating on axis and rays originating a distance

a from the axis at the lens is
o

2 2
4Ba R

A 20 (16)
1 + 4Ba2R

00

For Smith's experiment2at 1.06 i the beam radius (at the l/e value) was

0.1 cm and R = 1.27 cm. Thus A is 6p if B = 0.01 cm- 3 and is 320W0

if B- 0.5 cm 3 .

We can make two crude estimates of possible values of B for one of

the lenses used by Smith. First, Smith estimated the contribution made by

spherical aberrations to the radius of his focal spot in the transverse

direction to be 2.6 i. A simple argument using geometrical optics shows that

the ratio of transverse spread in spot size to the longitudinal spread due to

refraction at the sample surface is a /2R n 2. For NaCl with ao = 0.1 cm

and R - 1.27 cm this ratio is 1/60. If the ratio of transverse to longitu-0

dinal spread in spot size due to spherical aberrations is in anyway comparable

-3
then A l 60 . This implies a B of 0.25 cm
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We can also use expressions given by Born and Wolf8 and Ireland9 to

evaluate B. If we assume that the lens used by Smith was a thin planoconvex

-3
lens with a focal length of 1.27 cm then B is about 0.1 cm , comparable to

-3the previous estimate. We perform the calculations for B from 0.01 cm to

0.5 cm . For smaller values of B the spherical aberrations have little

effect except when a >> 0.1 cm. Moreover larger values of B are probably
0

too big to be reasonable.

III. Results

-3
The results of our calculations for X = 1.06P and 0.53P, 0.01 cm

-3
< B < 0.1 cm and 0.1 cm < a0 < 0.3 cm are shown in Figs. 1-4. In each case

the focal length R was 1.27 cm corresponding to the focal length of the
o

lens used by Smith. All intensities are plotted using the same, arbitrary

scale proportional to E 2 . In addition the results are shown only for propa-
0

gation through free space. Results for any other combination of focusing lens

and sample with n A 1.0 can be obtained from the present results by using

two scaling relations. If we write all distances z in terms of distances

Az from the geometrical focus in the sample, z = Az + zL + R , and corres-

pondingly in free space, i - Ai + zL + Ro, then Eq. (10) requires that

Ai - Az/n . (17)

Thus for a sample with n # 1.0 the form of the intensity on the axis is

identical to that for propagation through free space provided that distances

from the focus are rescaled by n. Note further that, provided the distances

Az are measured.from the focal spot, the intensity distribution is indepen-

dent of the separation between lens and sample.

Furthermore, when n = 1.0 the expression for I(z) is
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op2 (1_ _ 1l Bp2))

ck E2  ,o exp(-p 2/4a2)sin( -- 
- -  ZI - 1-

Io) 0 0 d 0 0 (18)l~z) F- 1 _ 1 B2)
l6r(Z-ZL)2  ZZL Ro

When the results for different focusing lenses with focal lengths R and0

R' are compared, the intensity at z' in the system with the second lens
0

has the same form as the intensity at z if l/(z-zL) - /R = /(z'-z ) -

1/R'. For small displacements Az and Az' from the corresponding focal
0

spots Az' 7 Az R'2/R and the primary effects of a change in R are a
0 0 0

change in scale of z and a change in scale of I. Thus the results for all

R' and n can be obtained from one set of calculations for fixed R and
o o

n - 1.0.

Several general features appear when the spherical aberrations are

included. First the primary peak in intensity no longer occurs at the geo-

metrical focal spot, but instead occurs prior to it. Moreover, the main peak

is smaller when the aberrations are included than it is for the corresponding

Gaussian beam, indicating the extra transverse spread of the beam when the

aberrations are included. This decrease can be as much as two orders of

magnitude when the aberrations are large. When the spherical aberration is

sufficiently strong and the beam not too narrow, oscillations occur in the

on-axis intensity resulting from constructive and destructive interference.

We will consider these oscillations in intensity in Section IV as a possible

explanation for the multiple damage sites. The intensity is only shown prior

to the focus in the figures. Beyond that poirnt there are no more oscillations

in intensity and the intensity approaches that for the diffraction limited

Gaussian beam without aberration.

Comparing Figs. 1-4 shows the effect of the beam radius a0 , wavelength

A and aberration B on the pulse propagation. First, as tne beam bccomcs



broader, the spherical aberration (proportional to x4) becomes more impor-

tant. For small a the oscillations disappear and the main peak approaches0

in magnitude the intensity of the Gaussian beam at the focus. For large a
O

the main peak is much smaller relative to the Gaussian focal intensity while

the secondary peaks are much larger relative to the main peak. The absolute

magnitude of intensity increases for increasing a simply because a broader0

beam is focused.

When A is varied the aberrations become more important for smaller

X. This is evident from Eq. (18). Decreasing X (increasing ko) is

equivalent to simultaneously decreasing Ro, which compresses the oscillations,

and increasing B, which enhances the magnitude of the oscillations. Conse-

quently similar trends occur for decreasing A that occur for increasing ao

The main peak decreases relative to the peak of the Gaussian beam while the

side peaks become more important. Although the positions of the secondary

peaks are insensitive to changes in a0 , they are very sensitive to changes

in X. The pattern is compressed for small X. This also occurs for a

Gaussian pulse without aberration. Pulses for smaller X are much more

sharply focused because diffraction is less important.

When B is increased the pattern spreads out and the side peaks

become more important. This contrasts with the change that occurs when X

is increased and the pattern spread out but the side peaks become weaker. In

all cases, the trends observed for a and B at one wavelength occur at
0

all other wavelengths considered between 0.53p and 10.6p. However for very

long wavelengths (A 10.6p) the oscillations are only present for large beams

(a 0 0.3 cm) or large aberrations (B 0.1 cm-3).

One can obtain an approximate relation for the position of the maxima

and minima in the intensity by considering Eq. (13). The position of these



extrema are controlled by the zeros of the sine function in Eq. (18). The

zeros are given by the solutions of

v -cv 2  m (19)

vko2(Ro 2Rz4B(R °)/4+ (z-k
with v o - z + z)ARo(z L), c = (z - z ) R 4B/(R - z + z ) k

and m an integer. The roots are

1 ± l - 47rmc)1/22c

Roots are possible for all m < ms such that 4Tcm s < 1< 4c(ms+1).

When 4wc (ms +i) 1 1 another zero of the sine function occurs. For z slightly

further from the focus (z - zL smaller) c decreases and 47c(ms+l) < 1. In

the region between the new zeros at v = (I ± (1 - 47c(m s +1))1/2)/2c, the

sine takes on the opposite sign to adjacent regions. Thus if the sine is

negative between the two new zeros, a new negative contribution is made to

the integral of Eq. (18) and the intensity decreases. Conversely, if the sine

is positive between the two new zeros, then the integral will increase. Thus

we expect the extrema to occur for z that solve 47cm = 1 (m > 0). These

are given by

ko L1/2 0) k 1/2)
z m  = z + (k ) /(l + ( ) (21)

L 167.Bm 16rBR 2M
0

This is not an exact relation for the positions of the extrema because it does

not include the contribution made by the other factors in the integrand.

Equation (21) overestimates the distance between the geometrical focus and an

extremum, especimily the distance of the main peak from the geometrical focus.

Equation (21) gives a much better description ot the positions of the secondary

peaks. Moreover, since the relative error made for each peak position is

similar, Eq. (21) is much more accurate at predicting the separation between
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peaks. Note that z is independent of a . Inspection of the figures con-

firms that the peak positions are insensitive to beam width. Ireland9 also

made a similar observation. Finally, Eq. (21) confirms the numerical calcu-

lations that show the peaks nearer to the focus to be farther apart.

IV. Conclusions

Although the contribution of spherical aberrations appears to be

important for an understanding of the damage morphology in gases, the results

for breakdown in bulk materials are inconclusive. Notice that the spacing

between peaks when X = 1.06 i and B = 0.01 cm- 3 (Fig. 1) is roughly 20i

near the main peak. Moreover this separation must be scaled by the index of

refraction (n - 1.53 for NaCl). A separation of 30 is much larger than that
2

observed by Smith. Furthermore, the separation only gets larger for larger B

(Figs. 2 and 3). Similarly the spacing in Fig. 4 for X = 0.53u is much

larger than that reported by Smith. The spacing observed by Danileiko at

2.76p is much greater and thus more comparable to our results. However,

spherical aberrations are less important at 2.76p than at 1.06 or 0.53W sc

the better agreement is puzzling.

There are, however, several other interesting features about the

observed morphology. Anthes and Bass found no damage sites after the focal

spot. They attributed this to a suppression of the intensity in this region

due to self-focusing prior to the focal spot. However it is equally possible

that no damage sites occur after the focal spot because no oscillations in

intensity occur in this region. In addition, in several of the published

pictures of damage morphology presented by Smith, 2,3 the separation between

sites increases in the direction of the beam propagation. This structure

corresponds to our results that the peaks are farther apart nearer the focus

provided all of the sites observed by Smith occurred prior to the focus. it

h..~~~~~~~~~~~~ did_______________________
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would be difficult to reconcile such a structure with the random structure

predicted by the avalanche model.

Another problem that arises when spherical aberrations are considered

is the appearance of so many vestige sites for pulse powers just above

threshold. As the figures show, there is a rapid decrease in the magnitudes

of the peaks farther from the focus except when B or a is large. However0

Smith's results were obtained with narrow beams (a = 0.11 ±0.01 cm). Thus
0

it is not clear how the secondary peaks can cause intrinsic damage if the

main peak is just above the threshold intensity.

Although the contribution of spherical aberrations to the damage

morphology is not yet compelling, we have not completed consideration of this

contribution when self-focusing is included. We expect the self-focusing to

selectively enhance the peaks in intensity, greatly magnifying the effect

of spherical aberrations. Even if B were chosen sufficiently small to obtain

the correct spacing between vestiges, the self-focusing might enhance the

secondary peaks sufficiently to cause damage at those sites as well as at the

primary peak. We have begun a study to include the self-focusing but no

results are available yet.

Several questions still remain. First, even for small aberrations,

the main peak is less than the corresponding peak of the Gaussian pulse without

aberrations. Such a suppression should affect the interpretation of damage

experiments but so far has been ignored. Thus, more careful determination of

the spherical aberrations present in experiments should be made and a more

accurate descriptions of the beam propagation used. Even in the simplest

case when B vanishes the proper description of the beam propagation should be

used. Smith used a diffraction limited Gaussian beam with a diffraction

length k a2 determined from the width of the beam at the focus. That00



diffraction length is much shorter than the one we use where a is the

radius of the beam at the lens. As a result, the Gaussian beam we use is

much sharper near the focus (this is primarily determined by how tight the

focus is rather than by the diffraction length) than the pulse used by Smith.

Consequently the good success he had in predicting the spatial range over

which vestiges could occur would not be possible if our diffraction limited

Gaussian pulse were used.

In summary, we find that the contribution of spherical aberrations to

be an incomplete explanation for the vestiges. It is unable with a small B

to simultaneously explain the observed small spacing between vestiges and the

occurrence of so many damage sites. However the spherical aberrations do

cause a systematic variation in site distribution which is evident in some

experimental results. It is still unclear how important spherical aberrations

are and whether self-focusing will enhance their contribution. Unfortunately,

the explanation of Smith is also unsatisfactory. Use of the overly broad

intensity distribution allows the avalanche model to predict the occurrence

of damage spots over a much wider spatial range than is justified. Much work

still needs to be done before a complete understanding of the damage morphology

is possible.
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Figure Captions

1. On axis intensity for propagation in free space when A - 1.06p and

B - O.Q1 cm 3 . The region shown is prior to the focus z The solid

lines are for Gaussian beams without aberration (a= 0.1 cm and 0.3 cm

for the lower and upper curves respectively, the maximum intensity when

a 0.3 cm is 1.7 x 10 4). The dashed curves include the aberrations0

(a 0 0.1 cm, 0.2 cm and 0.3 cm respectively for the curves in order of

increasing magnitude, the maximum intensity when a = 0.2 cm is 1.3 x 103
0

and when a = 0.3 cm is 2.3 x 103 and 1.1 x 103 for the first two peaks).0

2. On axis intensity for propagation in free space when A = 1.06p and

-3B - 0.05 cm . The solid lines are for beams without aberration

(a - 0.1 cm and 0.3 cm for the lower and upper curves respectively).

The dashed curves include the aberrations (a0 = 0.1 cm, 0.2 cm, and 0.3 cm

respectively for the curves in order of increasing magnitude).

3. On axis intensity for propagation in free space when A = 1.06i and
B - 0.1 cm-3 . The solid lines are for beams without aberration (a°

B 0.0

0.1 cm and 0.3 cm for the lower and upper curves respectively). The

dashed curves include the aberrations (a° = 0.1 cm, 0.12 cm, 0.2 cm, and

0.3 cm: respectively for the curves in order of increasing magnitude).

4. On axis intensity for propagation in free space when X = 0.53W and
-3

B - 0.1 cm . The solid curve is for a beam without aberration

(a - 0.1 cm . The dashed curves include the aberrations (a = 0.1 cmo 0

and 0.2 cm respectively for the lower and upper curves, the maximum

intensity when a = 0.2 cm is 600). The dotted curve includes aber-
0

rations when a = 0.3 cm and is scaled by 10 - I

o
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Two-photon absorption in Ge: Band effects
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Calculations are reported of the two-rheton atrsrortsn in etmanium using a Kane hand model. All
bands within 10 eV of the valence-bird ed_- are considered. rhe matrix elements are evaluated using -

theory to ind the relevant vaie lunciwns. [t.-~ %nnerical r.'sdel ,I' aljdereschi and Lipan is used to treat
the distinction between the licte-hole and h. vioeh Iims nnn-r~v Dectailed calculation% are made to test
various approximations that simouity the esiluainon i I ie,.e corncated nonlinear optical coeltticients. I-or

Ge it is essential that the spit-off band he incoidecd as -in intermediate state and that the tionna~ranolicity of
the conduction band be treated correctly. the reniults of the most complete calculation are in good
agreement with experimental results.

1. INTRODUCTION duction-band states needed for the two-photon ab-
sorption. We expect this effect to be far less in-

With the advent of high-intensity lasers, the portant in Ge with a band gap five times larger
study of multiphoton transitions has become in- than in lnSb. Consequently the Gibson results
creasingly more important. Because the selection should be the most reliable available for Ge.
rules for single and multiphoton transitions are The second reason for considering Ge is that it
different, each provides different information on a has not been studied theoretically as much as the
material's band structure. Multiphoton transitions ziric-blende semiconductors.""' Only Arifzhanov
also provide another avenue for studying exciton and Ivchenko 9 have considered Ge in detail. They
effects. Furthermore, the study of these proces- provided a group-theoretical analysis of the ex-
ses aids in the understanding and description of pression for K, but glave no explicit results for K_.
the propagation of intense electromagnetic fields Ge has not been extensively studied for several
through nonlinear materials, reasons. For other semiconductors o~ne can olten

In this paper we present a theoretical study of make the approximation that the splitting i~ be-
the two-photon absorption in germanium. There tween the valence and split-off hand edges is either
are two important reasons for studyinz Ge. First, much greater or smaller than tho? energy can E_
the experimental results for Ge are not extensive between conduction and valence bands. Suco in-
and those that are available are not consistent. Z u- proximations greatly simplify tile matrix elements
boy et at.' measured the two-photon absorption that must be calculated. However, in Ge E_- L.

coefficient K, at 2.36 im and found it to be I Furthermore, for the zinc-blende semiconductors
cm/MW. Wenzel etid.2 found that K. was 2.5 one can choose basis states so that the matrix ele-
cm/MW near 2.7 ajn. This result is inconsistent ments involving states with wave vector k trans-
with the more recent results of Gibson et -zl.' for form simply when considering states w ith different
the wavelength range from 2.65 to 3.0 an. They wave vectors. Due to the s,,-rnnotrv of the condue-
found that K, is less than 0.75 em MW throu~rhout tion basis states in Ge (the': hive the esvntoetrv

this region and is oni;'- o.50 c!:i 'MW at 2.7 m. r.- rathier than F7) this is tnt nnissible. Tho"L two

Gibson et al. were one of the first to elirinaz iltne11 compnlications max-,e the uviluation of niat rix -b
contribution made to the measuired total aolislirn- nr'its ind the summ.ration over tnternicolate states

tion by those carriers g:enerated in the two-ohnoor more difficult to tierforni ,ir Get.

absorption process. Cont'~ioentiv. they u-,tracted In 11I we nreiseot the ialculatiins of A.

two-photon absorption coetiicierits thast were lower consider o)nly direct i w i-i: t,.n t1 11152 n inl

than the previousl v measured total .orit ''it co- Nvar *ireshluid a flile ; ; i vr c1(d In trie. 1'. -

efficients. Gibson el dl. 114)resnalv ced earlier th!ti ur li::ht-hold Ili0 v.ilcni'i baind in,:. in oIe' Ir 11

data " for InSb, tusing their mo)re detai led inter- fills as state in M e lowe -I iotiiIiii in i ,. 1--r

pretation of the data. Their results were -i-ain hi,:her ;ih.Aton en ir. ws Wi4 .1 I_. -1l I. r, I _-I 1! 1ns

several ordcrs of mnacnitucie li'.,ver tnhan the i.re- wki-re .t hlIk! it) tle split -ijIl ,.I I, cr pIt..

vious experimental and theoretical estimates. Tv;,)-phot on absorpItion is .i tvo-stipo - 4'.

However, mtore recent results' suggest that Gilb- thu% consider all t ransit-ons whtere ti I t mit':e-
son's results for lnzl) are to,) tiw hec iuse tne iittO 5stat is one 0i 1~i it) vo ~?t )r ' -2'*il

conduction electron dersit .)Ii the In.ari sarnies tlt I .\tIt::e; 7!fst i'inil ill o~nii Ui :!., 1 :1,).

was sufficiently high far eiectrons to fill the con- 1*;ir'so bands are' slon in ti i 1. InfiP ise.
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II thie bands mentioned, we consider all os-ible tran-
sitions involving Intermediate states within 10 eV

2.9 UC oi the valence ed".e. We use- the stoherical model
1.6 -of Baldereschi and Lipari-' to describe the valence

I states. This allows us to include their de-eneracy
1.4 1 properly but not their anisotropy. For comparison

we also perform the calculations assuminq that the
1.2 C jheavy- and light-hiole bands are degenerate and can

ENERGY BANDS be described by a single effective mass. This per-
1oING mits us to dete rmine the contribution of the va-

lence-band structure to the results. Finally we
40. study the effect of igoing beyond the effective-mass

0 hh approximation for the energy b~ands. This wasJ done recently for the zinc-blende semiconductors,u
1bh and large increases in K, resulted when nonpara-

bolic bands were used.
_0 4 ooIn Sec. III we present the results. When all ofso the contributions are included properly we obtain

-4. results which are 25',10 lower then Gibson's results.
In view of the uncertainties in the e."erimental

a-200 results and in some of the parameters used, this
h (I0'aLu) agreement is quite satisfactory. Exciton effects

FIG.1. andstrctue o Ge ncldin liht-oleignored in the simple-band model do not appear to

0b). heavy-hole (hhi. split-off (so), conduction (c), and maes reacotiuonsscsedbLe
upper conduction (uc) bands. Tesidcre ve and Fan for the zinc-blende semicondutr.W

effective-mass approximation. The dashed cuives are present final conclusions in Sec. IV.
more realistic approximations for the iii and c bands.

me step is allowed (does not vanish for states at 11 THEORY
the center of the band) and the other is forbidden For light with a frequency wo and polarization ~
(vanishes at the center of the band). There are no the two-photon transition rate is given in second-
allowed-allowed transitions in Ge. By including order perturbation theory by

T r = 4L' V e ) Ef d~t I,. ' .i'!,7 *

We do not consider exciton effccts"'1 1 in this na- transitions are described bv the iirst-order cor-
per so the states In Fri. il rolor to sin-le-oaiticle rectioris to the w,,ave iunctions. riie !).:ss tatvs
band states with ener-ies , i. Thte sunis ire for the perturbation therv Iro' it; -o at U. Vo
over valence ano ronliucc )in stits i evolved is use the oasis set of f-I% ct-tt . F! :0 21 I-

initial and final states ani1 :cr-,t ornculat -states ments (it Eq. 1) al t OoSe fcTIC-'d0 I! t! I . t ti (:
J. Since we have 'i rect d ,! o I( t rtoniions. c- ry are e%-alumetd using the ;,-wo.t.1i. c r-
notes the wave vpecrir i t,;e -!.Op5 (-,,-. and mined matrix elenient,; 11 - ar1 w
0 involved in the trancit. )n. jis; the tcam inten- z0.7,6i22 '.- . The re ii - anid o h tn,'s rt-::ain
sity, c the dielectric function, and Pi! thc frpe-elec- doubly dfeg-enerate lor ik 0. Wke also trrit the -ic
tron mass. The tv;"-ph..ton abisorption coeiiicient bands as if they reniain Ie-,nrrato since inoeir
Ka is given by contribution to Y, is sinil. As .i result. !:;o cnun-

K, - 2hw TI/I' - (2) ges in the c, so. and! uc wave' functiors f )r k. , 0
can be found usin!g standard first-order ticrturba-

We assume that the bean is randomily polarized. lion theory. The energies are -iveq in the cilec-
Thus our final results ace avferaied over all pos- tive-nmass ainproIini.it ian ov svc.)n-r.!vr !,1ur-
sible polarizations. bation theory. To) st-coni oroer toie r ainio ,)1,imts

We use Z.5 perturhat:on theory to describe the remain deenerate as tne. shiaulu but tth,- uc itinds
wave functl '"" to 1 r - .. !.i,, '. T'2: Is oe-cs. -it t. As ni ,T'tI2 i '. ' 0 2I.' -- t'

sary bcca'p..o t..2 o :1tIt, tt )- V . t ~ ii a 52i. JO, in.' 1:~ ... ,w
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TABL.E L. Enenzv zins E, and effective masseq w., ri! kites to the momentumr matrix elements. are g-iven
electron states in th'e v. r-uen, -i 1r) and unner cdtin b%' standard 5~ theory
Nuc bands and of htics ini - e nwivv-hol. thhi. i;7ht-h~le
Ub). and split-off isot ha.j;. Filr'!ies are measured m i.toI ~)5
relative to the valence-hand maximum and are in eV.. '-(

a so Ilh hh c uc where the sum is over the c, uc. and so basis
states. In this model the enerTrv is again iven by

E, 0.29 0.00 0.00 0.805 2.9 the effective-mass ,I iro.' mat ion. The effective
ll/n 0.09 0.042 0.33 0.04 0.64 masses are given in Table 1.

- When we use the effertive-mass energies the

kinetic energy of the elertron-nole pair created
by the two-photon absorption i s t:. h-k 2-

we list the effective masses and energy gaps. where 11,,~ = 1, tn. - 1 m. and Pit- and Pki are the ef-
The degeneracy of the Ilh and hh states is also ;ective masses of the conduction hand and a par-

lifted for k,*O. This cannot be ignored as it was ticular valence band. We then -et the usual (t J'~
for the uc band since the valence states are the for the density of electron-hole states. Since the
initial states of the absorption process. Conse- amplitude for the two-step process is proportional
quently, we apply second-order degenerate pertur- to k, the transition rate from :I particular valence
bation theory to find the correct combinations of band will depend on 0. The v-alue of t, is fixed by
valence basis states that lift the degeneracy for energy conservation and gives a transition rate
each £ *. When this is done the energy bands are proportional to (,'2' - 17 )". Because
no longer spherically symmetric. This makes the (u~i,)W' is four times larger than .i V',the hh
evaluation of Eq. (1) extremely complicated. To band should be much more important in the ab-
simplify the calculation we use the spherical model sorption process. Consequently. it is important
of Daldereschi and LipariiO to find the valence that we treat the distinction between the two va-
dtes. In this model the degeneracy of the valence lence bands accurately.
bands is accounted for, but the energies are no We also consider the effect of using realistic
longer anisotropic. eiergy bands. The lower dashed curve of Fig. 1

In the spherical model the effective Hamiltonian actually gives a better description of the Ilh band,
of second-order degenerate perturbation theory is as inspection of Fawcett's results" shows. This
written band does not intersect the so band as the effec-

t3 ive-mass approxamation does and the aniparent
H=-k 2~(ZK)2,a- o 3) effective mass is larzer. Consen uentlv, the use

when terms which lead to the anistropv are i-of the more realistic Ilb enerttv band should in-
nored. 3 is the spin operator for a spin- !system, crease the contribution of the lII band to the tran-
The valence basis states : r), i I to 4, that lift the sition rate. A studv of Fawcett's results also
degeneracy when, for ex-iumple. IZ= L,2 can be wri t- shows that the conduction band is nonparabl~oic.
ten in terms of Fawcett's states. In this renresen- lHowever, the modification he valt'olated does not

tation J, is diagonal and the states (I = 1,4) for.I. appear to be as larg-e for the c hatnc as, for tthe lb
=*!a correspond to thle heavy-,-hole states while the band. Calculations will show. ho%%; evor. timt the

=*a' states are the ight-hole states. For ;* kZ, inclusion of the nonni rabolic~tv "I thle V('Td11M1)n

H is diagonalized by a rut:ItIOn. if is the anzle band in the evaluaiiin oi transit! in r.:' ito; ;ni

between k and 2 and o IS U1.0~m': a angle, then crucial than a prooor tin, inent t!- Iiiviu

H is put in diagZonal form L(Ili'-U by thle ro- To ubtain aI si,w "1' .iniiiic *'u c5I i

tation operators 1.U* :d ana U. - x('tl realistic Ili band rMr iiw ii tnost caiiulati ons. we
which diaqonaLize the comiionent of .1 !oarallel to 1Z. assume ttoat it has the forni
The new basis States i '- wvhich Lit the dci7ener- /___
acy for wave vectors in the direction 1:1are given ~ (k)=-- -2, ii- :. 6)

by rotating the basis states for k =2:Tefco 1 Aii)*xisdtrn (hvtnmn,

IVjk i(U ,U-.), (4) that Eq. (6) igive thev samle ;.,rrrecthon is n t.hT0 ed
frum fourth-order tie ri io th icy. ITh "'A hr

wherej =1,4 for the heavy-hole state-, and is 2 or constraint applied to 0 -'coii -!and 'A.

3 for the sit k tlates. Once Ino auinrouirate that the new hano~ ilve th' In I. it 1.I-v 1. /

choice of baisis zi:ates I ic a ptrui.r uirection as the fll band. Thus I pt -1, 1 w ,'.!'

of C has been made. the vaiece wave functions. constraint is .rrbitrarrv but in io;u''ii f tie

includin-, the fi rst-ord.Ci -crrectin w"Ich rcnntri- haind, c alculaitrd . V.r% tc' . '.. .:i
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sonable. We find that &E = 0.2337 eV and -An., done because tne s,..n-un and snin-down states
=0.0481m. The results are Tiven as the lower male the sann. c,-n-:.'i. re um over valence
dashed curve of Fig. 1. states and the ,,terme,.:i-te-state ;im are c,.ficult

We have not attemoted to determine an aralvtie to perform. To ,-ocood. we oer:.rm the inter-
expression for a realistic c band that would be meruate state sum for fi. ed r and When we in-
valid over the entire range of k in Fig. 1. Detailed terate over all directions of K and average over
comparisons of calculated K. with Gibson's results 77, only certain terms ot the intermediate-state
are only possible for i-w within 0.07 eV of the sun make contributions. These terms are evalu-
threshold. Moreover, it is not clear what the at)- ated numericaliv and their contribution to the tran-
propriate simple form should be. However, in the sition rate determined. The sum over r is also
energy range near threshold the following expres- done numericallv. No analytic e::r.ssion is given
sion is valid: for Tbecause it would be very Innr.thv and not

enlightening. Instead, the final results are riven
Ec(kl-( . '+ mc(kao)2). VT() in Figs. 2 and 3. There are several techniques

which make the evaluation of the sums easier.
We use the effective mass of Table I for 'i and These are discussed briefly in the Appendix.
Fawcett's value Am, =-l .1 X104 as an estimate
for the coefficient of the k ' term. At large k Eq. III. RESULTS
(7) is no longer valid because it overestimates the All of the results presented in Figs. 2 and 3
increase in the effective mass and E, decreasesfoincreasing he Eectve mass and ereae s were found by including the contributions of all

for ncrasin le Evn fo (k4 geate thn 5 bands mentioned as intermediate states and by
x10 4 , the bending of the band shown in Fig. 1 is badmetodasier daesaesndv
probabl the bedingxfte bandHow n, ie Fmig s making the proper distinction between lh and hh
proWbably too extreme. However, the comparisons states. The solid curve of Fig. 2 was found by

we make with the experimental values will test using the effective-mass approximation for the

electron states for (k'i) 2 only up to 4.5x I0'. in bands and by ignorin the eft dependence of the en-

this range we expect Eq. (7) to be an adequate ery dominoring te 4) Similar clutins

estimate for the mass enhancement. ergy denominators in Eq. (l) Similar calculations
were performed to test the importance of uc and

Aa so bands as intermediate states. When the firstters used. The room-temperature energ.y gapsL
was ignored K2 decreased by ten to twenty percentare used because the data of Gibson were taken at

room temperature. An average energy is used
for the uc band gap because we ignore the splitting o_
of the uc band. The effective masses do not ap-
pear to be temperature dependent. For example. -

the effective mass of the conduction band is 0.04m
at both 1.5 K (Ref. 15) and 300 K." ' Averages of o4'
existing experimental masses' 1'17.1 are used for
m,9 t,,, m. and m,. Unfortunately, the value of

P that we use is not consistent with P.=0.04m if i
we assume that the second-order nerturbation re-/-
sult for c, gives the correct effective mass

MA E, \ /e ()ENERGY-DISPERSIcN ErFECTS I

This expression zives m. = 0.034 P if P = 0.6909

R/1,/a and the room -tenine rature eneryzv Zaos are /
used. A value of l1 = 0.624 ;! mr, must be used to
givem, 0.04m usinq Eq. 18). This value of P is 0 >0 Z0 'i'
significantly lower than those found cnerimental- .,/2 (ev)

ly.""1' We perform calculations with ttas new FIG. 2. Lnerv-deIt~rsion etfects on two- ihnon ib-
value for P and for tn. = u.034P? to test the impor- sorption. The s, il cirxp i.- oi'>lited by Aiu:::. ili

tance of the uncertainties in these parameters. bands but by i.mi,,rin: . I,, !k ., .'- ,i vi, .- 'ur:,v

Actually evaluatin,, the sums in Ia. (1) is ex- d-i1: ) n:it,,rc ;m i :, - ",,, - - ,

tremely cu.n'bers,.me because .1 lar:,e number of ' n . 'II.' . -! r i1; i !. k
i t%-, h.i m m : tors, r ; , ' ,; , - 011r.1. 1-.terms are included .,hen the wave iunctions are t'm r-hstio lh t mdo . ., ,: i , o1 \.' n,wd ., t

found to first ord,-r in ,-T t:.eorv. \ltum the effet n' ,.'r Tn, ,1 ',r, t.e ,r n trrm

sum over cnrr.:ct:.in .tates in E-q. I) : ti,, , h.11111 !iL") 7'.; 1 1.,
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O~tclud:n- tin' k detoendenee of the de'nominators low-FT'*O-PMOrON ABSORPTION I ers the r(eSULtS. Usin a more reilistic Ih h.id
!ft Go increases t he contribution of the I h vand lcauiie

I the lh density of states 00(1 the C, in tile inatrix ele-
0.6 ment increase. The eftects of incluatin,_ the ' de-

/pendence 01 the denominators and using the realis-
05 /tic lh band compete aiainst eat h other. A calculA-

/ tion whicn includes both differs little from one
EOA -i which includes neither in the ener,%v range up) to

0.2 eV above threshold. Also shown in ii.2 is
0.3 - the absorption cocilicient for transitions startingIJ from the so band. The snaroe is similar to that

02- oof the other absorption coefhicients. The transition
rate is lower because the aensitv of so states is

CLI lower than that of hh states. The increase in en-
ergy gap also decreases the transition rate.

0 A-m -A 00 0405 0 Different values of 1' and in. were used to test
w-Ec/Z WcV) their effect on K_. Specifically, one calculation

FIG.3. omprisn o th exprimnta reult of was made with ?n, reduced to 0.034toi ana another

Gibso (Red. 3) with the simple band-model predictions, depndt c of .64I the s enra denomiatsws in-
The solid curve is found considering all effects except deneceotheeryeomaoswsi-
the use of the realistic c band. The dashed curve is cluded and the realistic Ilh band was used. The
fam using the realistic c band. Trhe error bars are new values of P and ni, are too low to be reliable;
bta from Gibson's work, but, as mentioned, they are needed if Eq. (8) is to

give an mc consistent with the P used. Since the
over the energy range shown in Fig. 2. However, absorption coefficient scales very roue-hlv as P-
when bothbbands were ignored, K, dropped by a and as tr'2 K. decreases when the new parame-
factor of 2. Ignoring the so band is equivalent to ters are used. In fact, it decreases bY 35 *for the
assuming that .1>>E,, flw.. Since I- -Ik4, this ap- new value of P and by 20 *for the new value of
proidmation should not be valid in Ge. Although m,. However, the uncertainty in K ' should not be
ignoring the so band is a good appromcmation for as large as this suggests since the actual uncer-
some zinc-blende semiconductors' it is a very tainty in P and m, should be much less.
poor approximation for Ge. A comparison betwveen the experimiental results

Another calculation was made to determine the of Gibson 3 and the calculation that includes the
importance of including the distinction between lh realistic lh band, the /,, dependence of the denomi-
and hh states. When they are assumed to remain nators, standard parameters, and the distinction
degenerate, the calculation (A K. is straiqhtforward between lh and hh hands is shown in Fi_-. 3. Our
because the same valence basis states can be used comparison is limited because no data are avail-
for all directions of iZ There is then no need to abie for ; x more than 0.07 eV from the thrvsholdI..
use the spherical model to find new basis states Obviously, even when tile uni ertaint,' in th _iata
for each direction of k. When the Ih and liP bands is considered, the prfdctions ire, t)o low tI;- a
are treated as deoenerate we can repiace tile it .- .actor of . bhout 2. The i~rcenlwnt 'IS Iden~iaie near
factor in Lire transition rate i)v eitner .; - tresniiud but _,cts 0rs .1-5 e'. 1--,ndi t!- t! rts-
or ~ .In the fir-st case the results are niold. Fhe more rapiid rise hovorci 0.t5 ,%* is; nt~
6~o less thran the solid curve and in tile second preos'ten by the ca lCujatiloll 1s:i. , sm.l
case, 15' less. Thus, it we make a iortaitous band. llowover. when tnc n )flir.ii''i.vCC cnz
choice for an averaire uQ -(i.e.. we do not reolace bond is us;ed, a laruc Vn;,.1nCLcnlV!1t ii to
it with or K).then ignariniz the distinction absorotion occurs. In .- wof t!hu oncer-t ulr., !n
between lb and hh bands does not crucially ailect the exneriniental re;ult. toe.iranleters.; and
C, the approamations mitre, tie a_ r~emvnt bri-w.-tn

In Fig. 2 we show the effect of including the k this calculation and the expterimlental resuils is
dependence in the enerzv denominators (in the man- qtute satisiactorv. Most irnp'irt.intlv. th" ni-re
ner discuised in the Appendix) tio oi usinr tne rapid rise in Ix -it vi2i- ener-::CS 1 11'.''
realistic enemy band [or the i. ht holes. As ex- This occur-s bec'AUse th~p,irtic I',, :j55

pected, these contributiuns are unly imPor~ant away iof the ( bandi ircicases ;i )I-ics.p e.i.~
from the threshold. In tice ener--y ran:ge consid- acet of the n')rbb . iI. ix-iid IS ts-

cred. th-: -rreci.. s .ir- ni ii;:cei percrnt. In- ;erlvirn:rrtant :rrr -:i imo :-i: n
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scales roughly as the 'pow~er of the arparent ef- are considered. For example, the exciton effects
fective conouction mass rather than as the : wwer increase the ahsorntion in ZnTe by a factor of 10
as in single-photon absorption. Conseiuentlv. the an-1 in CGaAs bv a factor of 2. In these materials
two-photon absorption should more readily reveal the lowest exciton nias a binding energy of 10 and
the contribution of the nonparabolicitv. This is ap- 4.4 meV, respectively, while in Ge it has an enermy
parent from Fig. 3. Because we do not determine of only 1.6 meV.'' For this reason we would fur-
a realistic c band valid for large k. we do not de- ther expect exciton effects to be less important
termine the shape or m- -itude of the absorption in Ge.
coefficient at large enerzies. The effect on the band states of the intense fields

Zubovi measured K. at 2.36 Lim to be 1.0 em 'MNW. needed to measure two-photon absor-ption has been
At this energy (0.518 eV) we predict K, to be only ignored. Keldvsh2" originally studied the effect of
0.4 cm,,M% when we use the effective-mass an)- an intense field on electronic transitions. When
proximation. However, Zubov obtained the exneri- this theory was applied to two-nhoton transitions."
mental value without correcting for the generated the results were typically a factor of 10 lower
carrier absorption. As Gibson has shown, this than measured values and were lower than those
leads to K, values which are too large. Mloreover, calculated with the band model of Basov. Thus it
use of the nonparabolic c band can increase the would appear that inclusion of the IKeldysh effect
calculated absorption coefficient by more than a would lower our results and worsen the agreement.
factor of 2 for r~w greater than 0.05 eV from thres- Although the simple band model appears to be ade-
hold. Thus the simple band model should be con- quate for Ge, the importance of exciton and high-
uistent with Zubov's result provided that realistic field effects cannot be ruled out. These effects
bands are used. require further consideration.

We should note that no attempt has been made to
include higher-order corrections to the matrix AKOLDMN
elements, even though it is apparent that higher- AKOLDMN
order corrections to the effective masses are sig- This work has been performed under the auspices
nificant. Unfortunately too many terms would have of the Air Force Office of Scientific Research
to be evaluated to make inclusion of these higher- through AFOSR Contract No. F49620-78-C-0095.
order corrections feasible.

APPENDIX
IV. CONCLUSIONS We must consider the following operator

We have presented a simple band-model calcula-
tion of the two-photon absorption in Ge. The cal- -(A____)

culation treats the degeneracy of the valence bandsj ()-,k-h Al
correctly and includes all allowed transitions in-
volving states within 10 eV of the valence edg.!e. To determine T. we calculate
In addition, the k dependence of the ene:-!gy denomi-
nators is treated approxamateiv but adequatelv rc... , u)11 iI) 0 (A2)
and realistic energy bands for c and ln states are
used. When all of these contributions are in-
cluded, the agreement bctween our results and We evaluate .11 for two sinilified cases. In the
Gibson's results is -loout. The two eifects wnich first caisc we :tnere t!,.e '.deundence of the ciner-
must be included to obtain reliaole results are the !-y cenoni nators. us: ca only rit enrc .i:,s a

use of the realistic c eineriv band and tne use of evaluate t : ,, - -. Ili !!us rilo '.I is *,,,, eu

the so ban~d as an intermediate state. Tie oilier I'Ll '.1 aInt L!! St-IA cS.'v. in t :ui 1:1

approximations. ignmorinz toie i. uctendence of the ai ito-state sumn. tinc sumn over illii a til car h-,

denominators. iznoring,_ the distinction between Ilb done 5yiv ci: tihe distinct i'm het weenl lit ann ,h

and hh banzis and ignoring the uc band. are all statcs wlien the nonC lminiir is ttue -. me I,): i-th.

more reasonable. The same valence Iasis states can then be used
Several effects have nut been considered in the for each wave %vectr.

simple band m'--dcl. No alttemp;t has oefco made to ' also evalua~te 1I with the ,. le!iendelice of the
include exciton ciferts as doite w; Lee and Fan. uieinnator inclua:t !. ill this C.i ,e' -1 and0 '!- ire

The good ag reeniet t cat W k e t with (;:'son's re- 1.i ttrent. i crr.t t!- i:. i : %* r .: t:e i

suits suz :ests that tlhis Lliect should bie sraall. over Ilb and tllb Can oI b he done sin: dv it tti,t ('if -

Lee and Fart ini a hr :e Ptil incenTien't 101 s.Ine to rn re in-i tIin Iw -i nd - i~ '-illI n )ireii. '," s

zinc-bke-:t Cslnic ;l wCis \k 11 -- ti "illn t:i1-ts I> . ,J2 i:'rant
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7:'5(!T'  with c cos(,' '2) and s =sin(: 2). The basis set is

V , (k) - Q.k) - hw E.(k,) - OE, (k-,,,"~G~~(A3) 01 HK
The results for K. found using Eq. (A3) do not dif-
fer greatly from those found when the k denen- (A6)
dence is ignored altogether. Thus we expect Eq.
(A3) to give an adequate approximation for the k where hh basis states for f= k-; are :,,) and It,)
dependence. while iv.) and 1t) are the corresponding lh states.

There are several ways to make the evaluation At other q. the lh basis states are given by Eq. t4)
of Eq. (A2) easier. First note that withj =2,3.

I2 c The wave function is given to first order in k by
I .1 V,) , .'._ IthltV)l- I 

' r , 
j(¢ )' 1

2
. Eq. (5). This can be written as(A4)

As argued before, when we sum over all lh and vir) = B(k-)I v, ), (A7)
hh states and the operator is the same for both, we
can ignore the difference in lh and hh states and with

use the simpler valence basis states. Thus the 1 ___________

first term in Eq. (A4) is easier to evaluate. In B(k =1 + -(E
the second sum we must use the lh states found E
using the basis states given by Eqs. (4) and (5). The sum over lh can now be written as
However, this sum is easier to perform than the
original one over hh states. To see this we need

to consider the following. E2 jv~k_)(v,kZI= B(ki( Z I'k(tk-).
The matrix operators U,, and Ue take the follow- j =2.3 J 3

ing form 2": (A8)

e 30/2 o 0 0
But

0 e ' 
/2 0 0

0 0 e-'6/ 2 J Ivk)(vjki
0 0 0 e 13,5/2 j =2.3

3 - (A5) = I U_ U,U-0 1,(V& I

U - c2 s c(1-3s2) -s(l- 3c") Ccs , (A9)

v VTcs
2 

s(l- 3u-) c(l-3s ,3 t, Tlic product of the rotation overators can be

S v3CS, -v3c s " simpLfied in the !ollowin_ way:

0k . _ - 0

1 -(k)., 4 , + -, 0 - - 2

U., 9 U) V, =,-AA', (AO)

o 0 k_ A, . ( k) ,
0w0h0re

0 (1)1' 2"k. k, k.j

where
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1'0 ()'"_ 0 01 These states give the same sum over lh statesI and yet are simnler to worv: with. A has a s.mnner
0 -k, -k_/42" 0 form than U or If, ani some of the elements in

A= (All) A vanish. Moreover, the elements of .1 are written

0-./,- kr 0 in terms of k, and k., When Ea. (A2) is integrated

0 0 ()2/k. 0 over all directions of kZ only terms with even pow-
ers of k, and matchin- powers of k- and k. will

and k,=( , ik)/ v contribute. The use of Eq. (All) makes it easier
The operator A defines new basis states for the to idenafy those terms in Eq. (A2) that must be

lh band evaluated.

jb,k)a= 2 ,)Ai forj=2,3. (A12)
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1. Introduction

Laser damage and laser annealing in semiconductors have recently

lent a great deal of motivation to fundamental studies of the inter-

action of laser pulses with semiconductors such as Ge, Si, GaAs, etc.

In addition to the understanding of free carrier kinetics and the inter-

play between heated carriers and the lattice background an analysis of

the dynamic laser self-action has now become mandatory if a comprehensive

insight into the intricate laser pulse - semiconductor processes is to

be gained.

Laser self-action can best be described by recalling that the dielec-

tric function , and in turn the refractive index, for each material is

strongly dependent on the carrier distribution. Thus a change in this

distribution due to the presence of an external photon field, due to

changes in temperature or due to other influences will effectively change

the geometrical optical properties of the material. Frequency shifts,

self-focusing, self-defocusing and changes in shape of laser pulses and

possibly the whole phenomenon of laser damage in semiconductors may all

lend themselves to explanations in terms of such dynamic refractive index

changes. We present here a status report on an effort aimed at simulating

such spatio-temporal changes in Ge which is exposed to 2.7 " m picosecond

laser pulses. We will limit our discussion to temporal aspects oniv and

will describe the entire spatial dynamics elsewhere. However, we will be

able to address and answer an important question which has recently been

raised. That is, Ge has been claimed to possess unusually high damage

thresholds at 2.7 Lm and 10.6 Vm. We will comment on the possible cause

for this effect.
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11. Damage Criteriuei

From the outset we assume an idealized crystal. We disregard therefore

any possible contribution to damage by inclusions or by other defects. We

concentrate instead on heating of the phonon system which comprises an

Einstein-type optical phonon system and a Debye-type acoustical phonon

system. The two systems are coupled to each other and independently linked

to the carrier systems, i.e. the photoexcited free carriers and holes. Each

phonon system contributes to the temperature dependent mean square displace-

ments of lattice constituents, <u > (T) and <u 2> c(T) respectively.op ac

If these two mean square displacements taken together become excessive (i.e.

larger than the displacement sum at equilibrium melting temperature T )

<U2>ac (Tac) + <U>op (Top > <U2>ac(Tm) + <u>op (Tm )

permanent lattice modifications are expected and damage is assumed to occur.

Our purpose is,therefore,to perform calculations which permit monitoring

of the temperatures in the two phonon systems during the passage of a laser

pulse. Note that,according to our criterium the required damage temperature

has to exceed 5600 0 K in the optical phonon system alone if for some reason

the acoustical phonon system should nrove unable to significantly warn up

during the pulse length of a picosecond pulse. Note also that tile damaing

temperature T calculated under these circumstances is still In npproxima-
on

tion which will require further refinement. For example, we presently eval-

uate mean square displacements without accounting for anharmonic effects.

In order to calculate the phonon system temperatures ond their ,handle

during the history of a laser pulse detailed information about electron-

electron, electron-phonon and hole-titonon interaction; in 'e ;u rud.
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In the next section we will briefly review in form of a block diagram how

the energy absorbed from the laser field ultimately ends uD in the optical

and acoustical phonon systems. We will thereby specify some details of

the different interactions.

III. Energy Transport

Photo-excitation in Ge at 2.7u leads to the formation of electron-

hole pairs via direct two photon interband absorption. The transition rates

for this process were evaluated in the recent work by Bryant 1 . The

dynamics of photoexcited electrons and holes in Ge has been studied in

considerable detail by Elci, Scully, Smirl and Matter 2 . our present model

uses their results modified to take account of the two separate phonon sys-

tems (3 ) and disregards Auger recombination for the time being. However, as

our results will show, this simplification is no longer justified since

appreziable heating at 2.7p requires very high local free carrier concentra-

tions, a condition under which Auger recombination is most effective. The

next phase of program development will therefore include this effect as well.

A further refinement, which is already part of the model, accounts without

averaging for all the conduction band valleys and allows for single-photon

hole transitions between different valence bands when the light and heavy

hole bands are highly depleted.

In our block diagram (Fig. 1) the sources of energy gain from the laser

field are listed on top. In addition to two-photon absorption we consider

free carrier absorption (FGA) and free hole absorption (FHA). which are both

single photon absorption processes involving phonons for momentum conservation,

and hole transitions to the split-off band. The last process does, of course,

not generate any new holes but increases their energy instead.



The respective interband transitions are shown in Fig. 2. Excited

carriers in the central conduction band valley are assumed to ranidlv

scatter into the side valleys (via electron-phonon scattering) where they

thermalize into a quasi-Fermi distribution of temperature T Note thate

scattering into the side valleys removes electrons from states which are

thefinal states of the two-photon absorption process across the band gap

and that the build-up of carriers in the side valleys thus regulates

availability of those states and therefore the transition rate. Proper

accounting of the avai-lability of states demands as realistic a description

of the bands as possible. Similarly, the light and heavy hole valence

bands have to be treated as non-degenerate if hole transitions into the

split-off band are to be treated correctly.

Phanon emission and absorption leads to carrier cooling by intravalley

relaxation. Since the optical phonons have a stronger coupling to the

(3)
heated carriers , this relaxation will bring about a slightly faster

temperature rise in the optical phonon subsystem than in the acoustical

one. Subsequently optical phonons decay into acoustical phonons with a

(4)characteristic, temperature independent time constant r . The tempera-

ture rise in the two systems is monitored in order to detect damage according

to Section 2.

The two temperature rises are given by

dT du 3T N (T O) - N (T
= 2 o____-_O_ ( op 0a

dt c dt 3N T
v op

and

dT du N op(T ) - N (T )
ac 2 ac + h o o op ac

dt c oV
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where optical and acoustical phonons have each been assigned half the con-

tribution to the total specific heat c v and where T is the optical Dhonon

decay lifetime, N op(T) the optical phonon number at temperature T and of

uniform energy hQ2 , and du/dt the respective rate of change in energy

density due to energy transfer during free carrier absorption and intravalley

relaxation. These energy transfer rates depend on the carrier and hole

density and respective energy distributions and therefore on the temperature

of the electron and hole system. We will refrain from presenting the per-

tinent expressions here since they are rather involved and will be published

when we have arrived at a comprehensive picture of the laser-semiconductor

interaction. It suffice to say that the numerical procedure of modeling the

temporal aspects of this interaction involves solving a set of five coupled

differential equations each of which contains integrations over the carrier

distributions in each valley and each valence band.

IV. Results

We have tested the damaging properties of several 2 .7p laser pulses

in the picosecond regime. Pulse lengths of 5, 10, and 20 psec were chosen

28 29 30 2
at peak fluxes of 10 , 10 and 10 photons per cm and sec, respectively.

For reasons of operational simplicity the Gaussian temporal waveform of each

pulse was truncated at the i/e3 peak intensity points. Initial conditions

for the carrier chemical potential and carrier temperature were determined

by long hand and the depenoence of the final results on the precise choice

of these initial conditions was tested.

We present in Fig. 3 and 4 the free electron density N and freee

carrier energy density C per unit volume as both evolve during a 1028

photons/cm2 sec peak flux, 20 psec pulse. Without an effective drain on the
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carriers, such as Auger recombination, one finds, as e::pected, a rapid in-

crease in the carrier density in the early part of tnu pilse without anv

significant reduction in the later part. A minute reduction which is noti-

cable only numerically and not on the graph of Fig. 3 accounts for two-

photon stimulated emission which is included in our two-photon transition

probability. The energy density & of the free carriers and holes shown

in Fig. 4 exhibits similar behaviour in the first half of the pulse. Along

the trailing edge of the pulse the energy density diminishes first on

account of the two phonon systems and stabilizes seemingly towards the end

of the pulse. This effect is a model artefact and can be explained in con-

junction with Fig. 5. There the systems' temperatures are plotted for the

free carrier and optical phonon systems as a function of time. The free

carriers heat in accordance with the instantaneous availability of photons

and of final states for transitions. The electron temperature follows

therefore a modified Gaussian as one would expect for a temporal Gaussian

intensity distribution in the laser pulse. However, since the temperature

rise is accompanied by additional free carrier generation while the electron

temperature decline is lacking a corresponding recombination process across

the band gap, the available conduction band states rapidly fill up during

carrier cooling, in the later part of the pulse, thus keeping enerzv in the

electron system which otherwise could be transfered in electron-honon pro-

cesses. This also explains why the optical nhonon temperature rise proceeds

at a less rapid rate in the late part of the pulse than earlier.

We also note that a 10219 phot/cm sec peak flux, 20 psec pulse raises

the optical phonon temperature merely to 552 *K. Contrary to some earlier

expectations ( 3 ) however, the acoustical phonon temperature rise does not

lag behind the optical one and the two systems' temperatures ag.ree to within
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less than 1% over the whole pulse length. The optical phonon temperature

does therefore not have to rise to 5600 'K in order for the damaging phase

transition to take place.

It is tempting to compare these results with earlier work done at

1.06 um(2 ). Wh*ie we find qualitatively plausible agreement comparison of

numbers becomes difficult in light of the different experimental conditions

chosen in each model. The work of Reference 2 rests on the assumption of

a square pulse, for instance, while the present work assumes a Gaussian

temporal profile. Since the dynamic processes are nonlinear no simple

scaling relation between the pulse shapes can be established. Our model

calculations do, however, confirm that ideal Ge requires very high fluxes

even at 2.7 tim for damage to occur. The flux regime of 1029 photons/cm 2 sec

at which we predict damage to occur borders on fluxes which in much wider

band gap materials, at larger photon energies and under physical processes

quite different from the ones considered here also produce damage. These

processes have been identified to be highly nonlinear and are thus requiring

very high fluxes to come about. In contrast, free carrier generation at

2.7 Um in Ge is only a two-photon process and damage due to these carriers

was intuitively expected to ensue at much lower fluxes. Our calculations

show that for ideal Ge such expectations are unjustified.

In the next phase of our calculations several additional physical

phenomena will be included into the model. Among them are Auger recombina-

tion of free carriers and band gap narrowing effects (5) as well as the

dynamic dielectric constant which will allow a comprehensive spatio-temporal

modeling of beam propagation.

This work was supported by AFOSR through Contract 7F 49620-78-C-0095.
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Figure Captions

1. Block diagram illustrating the energy transfer in highly photo-

excited Ge from the 2.7 um photon field to the damage event.

2. Band structure in germanium representing the excitation processes.

-3
3. Electron density N cm as a function of time normalized to thee

pulse length t for a peak flux of 1028 photons/cm2 sec.o

4. Variation of free carrier and hole energy density with time

normalized to pulse length t for a peak flux of 1028 photons/0

2
cm sec.

5. Variation of electron system temperature T (left vertical scale)e

and optical phonon temperature T (right vertical scale) withop

time normalized to pulse length t for same pulse as in Fig. 4.
0



2 PHOT HOLE ,,.. 'S

FHiA SPL I T-FF x7';"'"

I NTRAVALLEY

RELAXAT I ON

GENERATION OF
PHONONS

Top, T. RAISED

cc*

I-i'. I



ban

217 =(OO) 27

0.0 222

ev ~ ~ i~ 0.9e2A



5xlO 19

1019

5xl0 18 /

1018

5x10 1
7

z

i0 17

5xWO16

10161c 
nzcmGo

F-.- '3.'

i016  I0o' ' T:oi'onz/cm- 2 o

0 .2 . .- .6 .3 i.0

F1',. 3



F 5,x10

020

510

5x 101

LJ 108

Wx10 17

Ge
X =2.7 gm

10 17 IC?- photons/cm2 -zc

5xl01s

0 .2 .4 t/o.6 .3 10

Fig. 4~



L -650

8.0- X27-

10f'3 photons/cm2  SOC -0

*7.0-

- 550

,.6.0

045

0 -a

4.450

4.0-

500

0 .2 .4 .6 .81.0
t/to

Fig. 5



62

VII. Planned Publications

1. G. Bryant and others: Presentation at APS Meeting, Phoenix, Arizona,

March 1981 (Ge response to 0.45 eV photons).

2. G. Bryant and others: Ge response to 0.45 eV photons, Phys. Rev. B.

3. P. Braunlich and others: Primary defect effects on laser damage com-

putations for NaCl, IEEE (QE) Special Issue on Laser Material Interactions,

September 1981.

4. G. Bryant, A. Schmid and others: Formulation of a damage criterium

and band gap narrowing in Ge.

5. P. Kelly, G. Bryant and others: Calculation of spatial effects of Ge

response to 0.45 eV photons.
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ATTACHMIENT A

Computer Code "PULSE"

PULSE is a two-dimensional photon-particle simulation code based

on RAMSES. - We have adapted and modified RAMSES to make it suitable for

the calculation of the complete spatio-temporal photon-flux distribution

as well as that of the photon-induced material modifications which are

encountered when a short intense laser pulse propagates through a nomi-

nally transparent medium. PULSE is designed to simulate the propagation

for any conceivable initial laser intensity profile, beam shape (e.g. focused,

parallel or defocused), material distribution (e.g. uniform or layered such

as refractive index interfaces, clad optical fibers and coatings on sub-

strates, etc.) and physical mechanism of photon-induced material modifica-

tions (e.g. photon-induced changes in the dielectric response function, etc.)

To test the developed code we have sn far concentrated on the simu-

lation of an intense frequency-doubled 21 psec pulse from a Nd-glass laser.

This pulse is focused through a plane interface into single crystalline

NaCl with the aid of a plano-convex lens of 1" focal length. The location

of the geometrical focal point is chosen to be 0.2 cm behind the interface

inside the crystal (Fig. 1). This configuration is the one used by Smith

et al. ( 7)in their studies of the damage threshold in alkali halides at that

wavelength.

In the following we will use this particular example to describe

the features of PULSE.

In the model of the pulse, energy is carried by a finite number of

macroscopic photons whose trajectories through the medium are the object of

the calculations to date. A clipped gaussian profile is attributed to the

pulse and both the pulse and the medium are con;idered retation,! v ;'.:detrfc

so that energy varies in two dimensions only. A variation in the direction
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of propagation corresponds to a time variation and a variation perpendicular

to propagation describes the radial properties of the pulse.

In these present calculations the interaction between the photon

pulse and the medium involves multiphoton generation of free carriers, n ,

which In turn effects the refractive index n. In addition, a self-focusing

term n2E2 is added to n, where E is the rms optical field strength. Local

variations of n , n, and E are calculated as functions of time and the spa-
c

tial coordinate r . The aim of this simulation is to study beam

deformation of a focused beam having a clipped Gaussian flux profile.

Initially the photons are distributed uniformly within the pulse

length and beam width. They are directed to the focal point and then

repositioned to take into account refraction at the plane surface of the

interface between vacuum and NaCl (n = 1.53). The clipped Gaussiano

profile is represented as follows: the intensity per cell "k,j" given by

Pt[r k x ax
cE R - 1 1)

1
kCj - Y2rh h I rk' -2 ax

,,'j, -Lg, f - 2  - (iL2!Jj

Here c is vacuum velocity of light, E the total energy content, h , h the' x y

cell size, R the radial scale factor and 2x the pulse length. a is a free

parameter used for clipping the Gaussian (1.5 used to date).

For NaCl the local refractive index is obtained from our previous

work, 0 )  assuming optical phonon scattering:

n. n() i+ I5 1 . -n I rj
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-A-2 -1
F(r) is flux in cm sec

6 - 1.737 x 10- 3 3 (W)

U 1 W - (0.5 x Cc:I(r) + f(r)]}2

2 2f(r) = [E (r) + E2( r)3

E1(r ) = n - s g(r)

2 0 W
S2 ( = 2oSwg(r)

£20 L

ho - 2.33 eV (photon energy),

hWL  .03 eV (phonon energy),

N =2 x 1022 cm (density of valence electrons)

s N x 1.839 X I0-21 /(h)2

and g~r) is the ionization fraction nN .vo

Gradients in n (r,t) cause gradients in n(r,t) which lead to refrac-C

tion. The photons change directions according to

dT Vn)ds

where T± are vectors normal to Tthe particle directions.

'Since the local velocity of light v in the medium depends on

g
the refractive index, the group velocity straggling factor S can be =omputed:
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Y 9 ( r ) / c 2n CI W) W 7 4 20 E2 r

o(r)+c +
2n (r) f (r)

The multiphoton ionization rate is given by

R(;) G 4 (I(1r)/-1h 4

=4
-(S 4F(r))

(S4 = 1.951 X l0- 28 for F in previous units). Then the ionized fraction

g is computed from

(1 - g)R 2)

so that n c  g VO

The photon motion is numerically described on a rectangular grid

either traveling with the pulse as in RAMSES or fixed around the focal volume.

The latter arrangement was used to produce the movie described in Section IV.

A step AS is specified in the input and is - 1/3 h , the cell sizex

in x, so that photons do not move more than a cell length in a time step _t,

where

At = AS/c an arbitrary definition.

Details of the spatio-temporal resolution (time steps, cell size of the grid)

are given in Section IV as well.

Photon motion is based on a simple predictor-corrector scheme. First we

calculate the change in particle position due to the gradient in refractive

index:
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W25 [Ellrn 2~ zr In'+ 1
t ax-] '+'- ]TZ AS

rY T Y-i - 'Ti-ut As
y LYa LyIJ

The variable, Z, denotes the value of the variable at time step Z. The

new directions at time step (X+1) are found to be

2 L+*1 + A- T-gl (r +& r)'D
x

T1+ l  (Tyx + A 9+IT)-D
7 7 y

D E 2/I(TI + A+; 2 + . + 1+2 2D~lLU .1- x) +(ty +A Yt

We now include the velocity straggling factor. Ar f v At so that

the updated particle positions become:

x - x + a(r) + AS

2*2 2L+I z A " " ASi

y . y + O(r) + s

The power density in each cell is given by

j~k =
cE Wjk Vjk
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Wfk sum of all weights of the photons distributed to the cell jk by area

weighting using Eq.l and Vjk is the 3-D volume of the cell. The

ionization fraction is worked out by integrating Eq.

g - 1- (I- g) exp(-R At)

All our work to date consists of attempting to simulate the break-down

morphology (which we expect to be caused by beam deformation) observed by

Smith et al. ( 2 ) At the damage threshold a small number (< 4) micro-sites

are found in NaCl. This goal dictated the particular choice of the experi-

mental arrangement shown in Fig. 1.

In the early calculation it was established that a moving grid over

a pulse is not practical. In order to improve the spatio-temporal resolution

the code was modified to use a fixed rectangular grid. To save memory space,

a fixed double-triangular grid over the focal volume is presently being experi-

mented with. The resolution possible with this grid is expected to be close

to resolving spatial features in the order of a few microns.

Unlike RAMSES we now have separate routines for the group velocity

and refractive index. Therefore the shifting routine in RAMSES is eliminated

and the code is now no longer restricted to gases but is applicable to any

non-linear (or linear) pulse propagation problem where the interaction area

is smaller than or equal to the r - t volume of the pulse. It is, further,

a simple matter to turn "on" or "off" the interaction between matter and

photons, which is equivalent to simulating classical (linear) optics.
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